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Chalroian 


INTRODUCTI(»l 

The output of this working group Is represented by this suinaary report. It 
follows a format similar to that previously employed In Department of Energy 
(DOE) programs and shall address the following Items (Figure 1): 

1 . Task goals 

2. Rationale 

3. Strategy 

4. Key pacing issues 

The goals associated with the central t;«sk need to. be identified to provide 
tbe necessary focus for the program- The raclotiale for the program and the 
strategy for accomplishing the work need to be defined- During the course of 
the effort several key Issues -will have to be addressed to Insure development 
success. 

The table (Table I) at the end of this suiBEiary identifies the 17 persons 
who made up this panel and developed these recommendations. 

OONCLOSIONS AND RECOMMENDATIONS 

The panel addressed the issues associated with such areas as rotor design 
and dynamics> rotor nterlals and fabrication, safety, nondestructive testing, 
Awri system operational loads .and environment. Recommendations arising from the 
wurkii^ group deliberations are presented In the following material. 

1* Task Goals 

The primary objective of this development effort should be (Figure 2) to 
demonstrate the feasibility of a fail-safe flywheel system comprised of units 
having a useful energy capacity of 5 kilowatt-hours per unit. This system 
coooepc should be expandable to meet power requirements of 50-200 kilowatts. A 
system energy density of 20 watt— hours/kilogram or more should be achieved, with 
an operational life requiremeot of 5-10 years. A key pacing Issue (Figure 3) 
attendant to this program goal is Che question of %ifaether the flywheel system 
sbomld provide attitude control and energy storage simultaneously, or whether It 
abomld accommodate energy storage functions only. It is reccamended that a 
sys t« study be conducted to determine tbe impact of this role combination and 
to resolve, ^ils issue. 
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2» Rationale 
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Recent studies (Figure 4) conducted by Boeing » NASA, and others have shovn 
the concept of flTvheel energy storage to be highly competitive with other aore 
conventional system approaches such as batteries. Three of the major advantages 
of flywheel systems are longer operational life, higher electrical efficiency, 
and higher system energy density. The use of composite material flywheels is 
Important for reallelng these advantages. 

3. Strategy 

A significant amount of technology Is available as a result of programs 
sponsored by the Department of Energy (DOE), the Department of Transportation 
(DOT), and the U.S. Army (Figure 5). Every attempt should be made to capitalise 
on the results of these efforts, especially In the areas of composite materials 
utilization and flywheel design. Improvements to that data base should be made 
to optimize the system design and performance capability. In that vein, 
therefore, a list of published reports on these topics should be generated by 
personnel at the Lawrence Livermore National Laboratory and at the Oak Ridge 
National Laboratory, as well as at the other cognizant facilities, 
discribuced to the participants of this conference. 

Having a knowledge of the state of the technology In composite materials. 
It Is then possible to make use of that engineering data base in the deflxiltlon 
of candidate rotor designs CFlgure 6). One Issue which must be pursued at the 
onset of any flywheel program Is to develop an understanding of 
time— dependent behavior of composites and, therefore, assess their long-term 
performance. In parallel with these efforts, there Is a need to screen 
support the development of new materials for future «q^adlng of flywheel 
systems. 

In determining a plausible multiyear development program, some critical 
issues (Figure 7} surfaced. These consisted of questions AmI ing mlth matrix 
and material flbcsr aspects, as well as engineering design 4a ta. 

4. Fiber Issues 


In keepix^ with a technology ready date of 1987, consideration should he 
given to designing with existing fibers, since they are well characterized 
( Figure 8> • Characterization of composite materials is a time- Jtn d 
money-cottsumlng task. Therefore, it is possible to such as 

T-30Q or Cqllon-6000 graphite fibers, or even possibly Kevlar-49 or S2 glass. 
At the same time, efforts should be initiated to obtain data on higher strength 
fibers SD<di as AS6, IMS, T— 7(X), T-800, or Improved Kevlar. 

5. Matrix Issues 

Soma data are available in the literature irbcLch ^chat 

materials can withstand temperatures of 350<>F with, ho we ver, operational 
capability degradation. Thus, an Important step -CFlgore 9) is to soma 

test effort on these materials to determine what is the operational 

temperature range for the desired performance levels. Other which 

warrant investigation axe the . flexihle resiOB, wnc h as urechanM, tecanse of 
their adimtages tdwn used In anltfrlng flyidieels. Again, there eodsta 
concern on the tenpexatnze stability of these materials prtearlly bec aus e of tbs 
la^ of available data. Some promising candidate materials for mse In 
speed-i'rotozSv;ai 3 a^^^te metal matrices, such as boron/alnmlnam. These matirrfals 
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offer 80 se advantages in tens of l^^*term durability, balance stability, and 
performaoce capability at higher temperatures. 


6. Engineering Design Data Issues 
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Additional Infomation is required on these and other materials because the 
currently available data base is restricted to a terrestrial enviroxuaent, as 
opposed to a space environment, idiexe the operational loads and conditions are 
drastically different (Figure 10). Other areas of concern In the use of 
composite materials are the effects of radiation on the material properties. In 
addition, the poor transverse load-^carrylng capacity of these materials may 
severely impact some rotor designs and applications. Solutions to the 
transverse strength question range from **llve ^th it,** to ''expend a lot of time 
and money to get a small delta Improvement.'* If the former approach Is 
selected. It Is deemed advisable to determine some design values to compensate 
for the considerable data scatter which exists In the literature regarding 
transverse strength. 

To improve the understanding of the time-dependent behavior of composites, 
especially in a cyclic load environment, it is reconmendeo that testing of 
existing DOE rotors be again undertaken. Steps to effect accelerated testing of 
these devices should also be evaluated. Data obtained from these test programs 
will be Instrumental in the definition of life prediction methodologies. 

7. Flywheel Development Issues 

The development of the flywheel (Figure 11) must be I n itiated by a tboroogb 
study to define the requirements associated with this device. An answer to such 
questions as "should the storage device also Incorporate the csq>ability of 
satisfying the control tasks as well as the power system functions?'* and "should 

energy storage function be the dominating item in the deslgo of the 
flywheel?" must he provided. Once these and other questions have been 
satisfactorily addressed. It is then possible to define candidate flywheel 
concepts. Such definition must emphasise fail-safe designs bat most also 

examine the need and advisability of containment. In addition, an ass e s sment of 
scalability of the design m us t also be conducted. The development of the rotor 
must be performed in concert with the other elements of tiie storage system and 
not as an Independent item in order to insure the attainment of the des ir ed 
performance. To effect a timely system development, a two-phase program should 
be undertaken. Phase I should initiate 2-3 compe^tlve s y st em p ro gram s idaich 
would result in prototype storage units for thorou^ laboratory evaluations • 
The results of these tests would then he used in a final selection of the 
"optimum" design. Phase 11 would then produce a final system design, followed 
by fabrication and evaluation at the system level, which may In cl u d e fli ght 
testing shoaLd test results so indicate the need. 

g. Eotor Fabrication Issues 

One issue (Figure 12) raised by papexm presented in tbe formal sessicn was 
that an investlgatioa Ahonld be cendocted idilcli will lead to teprovements ±n 
filament wound single- or multiple-ring rtstar fabrication. Ih additioa, new 
concepts for attaching the motor/genezator and suspension hearin g co^onents to 
the rotor -must he dev^soped. These dav^opments ^^are necessary to rpemit 'tiie 
attainment of the energy density and ^»ezetional Ufa postulated for ^ils 
storage concept. 
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Testing 

In tens of testing end evaluation of rotors, tm categories uere 
Identified (Figure 13). These consisted of nondestructive Inspection and 
evaluation, and spin testing. Nondestructive Inspection will be InstnuieDtal In 
minimizing resources expenditures by allowing for the identification of 
manufacturing flaws In the rotor prior to the costly spin rest program* 
Furthermore, the establishment of appropriate nondestructive inspection 
techniques (Figure 14) will facilitate the evaluation of the Impact of handling 
daisage or service-induced damage accumulation on system performance* One of the 
critical items which vist be Identified to make the nondestructive inspection 
and evaluation program successful Is an accept/r^ect criteria definition* 


Kotor failures are frequently preceded by systaa dynamic Instabilities 
resulting from rotor imbalance. However, not all rotor Instabilities lead to 
failures or axe caused fay mass Imbalances* It Is therefore necessazy to define 
methodologies for recognizing the differences and thus Improve our understanding 
of rotor and rotor system dynamics (Figure 15). In the case of the advanced 
storage syszems where magnetic suspensions will be utilized, the Impact of the 
unique characteristics of these suspensions on the rotor systems dynamics must 
be thoroughly Investigated and understood* 


To reduce the cost burden on the overall development program 
(Figure 16), an evaluation of the suitability of exlstlog DK spin test 
fa cili t ie s for conducting the test effort associated with this program Is 
required* Should upgradlxyg of these facilities be necessary, extent of 

these modifications and their attendant costs shonld be defined* In conducting 
a credible spin-testing effort for these storage devices. It Is recommended that 
a good xepresentatlon of the cyclic and environmental load spectrum be 
Incorporated into the test setup, along with Improved capability for 

detecting onset of rotor falluze based on changes In rotor and/or 

dynamic characteristics* 

Safety issues (Figure 17) associated with this storage concept can be 
addressed during the design taA by producing e non-burst or fall-safe design. 
Such a design would accommodate lange safety and/or planned failure 

mechanisms such as the Kocketdyne mechanical fuse* Definition of the approach 
to he employed In addressing safety -management In space applications must be 
gezfterated* 

12* Other Issues 

Other issues which viU have a slgndflcaiit liq>act on the evolution of 
system concept (Flguze IH) are the loads to tiiese devices will be 

subjected* Among t h ese axe the lamdi loads *Alch axe belig quoted in the 
vldnlty of lOQg and the t hermal loads posed by operating tempezatures In the 
range of SS<>Cm It Is recommended that some consideration be given to 
metallic rotors in the Interim period until all the iMomt raised In the working 
g r oup deliberations can be resolved* 
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PRESENXAIIOM OUTLINE 


- TASK GOALS 

- RATIONALE 

- STRATEGY 

- XE7 PACING ISSUES 

. ntEMTIFICAIION OF TECHN0L067 TASKS 


Figure I 


TASK GOALS 

DEMONSTRATE THE FEASIBILIT; W A FAIL-SAEE FLYOBEEL STSTEM HAVING 
A USEFUL ENERGY CAPACITY OF ABOUT 5 kN-l>r. A SYSTEM ENERGY DENSITY 
OF AFPROZIMAXELT 20 V-lir/kg, AND A UFETIMB OF 5~10 YEARS. 


Flgote 2 



TASK GOALS- KEY PACING ISSOE 


SHODLD THE SPACE PLYNBEEL SYSTEM PROVIDE AC/ES OR ES ALONE? 

- INVESTIGATE THE IMPACT OF A COMBINED AC/ES 
FUNCTION ON THE DESIGN OF AN ES FLYWHEEL 
SYSTEM 

- (TRADE-OFF OF A DUAL PURPOSE AC/ES FLYWHEEL 

SYSTEM VS. SINGLE PURPOSE ES OR AC SYSTEM) 


Fl^re 3 


KATIONALE 


RECENT ASSESSMENTS (E.G. , BOEING. MASA,...\) SBOW 

that flywheel energy storage systems in space offer 

ADVANTAGES OVER COMPETITIVE SYSTEMS SDCH AS BATTERIES, 
FUEL CELLS,.... 

- LONGER LIFE 

- HIGHER ELECTRICAL EFFICIENCY 

- HIGHER SYSTEM ENERGY DENSITY 

. COMPOSITE MATERIAL FLYWHEELS ARE 
IMPORTANT FOR REALIZING THESE 
ADVANTAGES 


Figure 4 
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STRATEGY 

- UTILIZE EZISTIM6 HAIERIALS/FLYVHEEL DESIGN 
TECHNOLOGY DEVELOPED TO DATE 

(DOE, UMTA, U.S. ARMY, ETC.) 

. MAKE IMPROVEMENTS/MODIFICATIONS AS NECESSARY 

- MAKE A LIST OF ALL DOE REPORTS AMD SEND TO 
PARTICIPANTS 

Flguze 5 


OBJECTIVES FOR MATERIALS TASK 

- TO USE ESTABLISHED ENGINEERING DATA BASE OH MATERIALS 
APPLICABLE TO THE CANDIDATE ROTOR DESIGNS 

- TO ENHANCE OUR UNDERSTANDING OF THE TIME-DEPENDENT 
BEHAVIOR OB COMPOSITES AMD ASSESS THEIR LONG-TERM 
PERFORMANCE 

- TO SCREEN AND SUPPORT THE DEVELOPMENT OF NEN MAIERTALS FOR 
FDTORE UPGRADING OF FLYWHEELS 


Fi{i:i]xe 6 
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CRITICAL ISSUES IN MULTIYEAR PLAN 
} 

~ MATRIX 

- FIBER 

- ENGINEERING DESIGN DATA 

Figure 7 


ISSUES WITH FIBERS 

-FDR THE 1987 TECHNOLOGICAL 

OMlSlI«R QCISTING FIBERS (T-300, CELKW-6000, 
GRAPHITE, KS7LARr49, S2-GLASS) HEECH ARE BgT.T. 
r gARArrgwTTgn 

- SXMDLTANE0DSI2 DEVELOP PRELIMINABT data BASE FOR 
HIOHER STRENCm FIBERS (AS6, IMS, T-700,T-800 6R, 
IMPROVED KEVLAR^ ETC*} 
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ISSUES WlTH.HAirRICES 


- ESTABLISH OPERATIONAL TEMPERATURE RANGE FOR TEE CDRSEIITLT 
USED EPOXIES TO OBTAIN DESIRED PERFORMANCE LEVELS 

- FLEXIBLE RESINS SHOULD BE INVESTIGATED BECAUSE OF THE 
ADVANTAGES ASSOCIATED WITH THEIR USE IN FILAMENT WOUND 
RINGS 

. ASCERTAIN THEIR SAFE OPERATING TEMPERATURES 

- INVESTIGATE APPLICABILITT OF METAL MATRIX CmPOSIIES 

(BORON/AL, ) 

Figure 9 
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ENGINEERING DATA DESICT ISSUES 

- DESIGN DAXAl for ISE EXISTING OOMFOSITE MATERIALS HAVE 
BEEN CTNERAIED. HOWEVER, ADDITIONAL DATA ARE REQUIRED 
FOR THE LOADING AND ENVIRONMENT IN SPACE APPLICATXCHIS 

. LOAD/THERMAL CICLING 
. EFFECT OF RADIATION 

- WHAT ABOUT POOR TRANSVERSE PROPERTIES OF COMPOSITES? 

. LIVE WITH THEM? 

. DETERMINE DESIOf VALUES TO 
INCLUIffi DATA SCATTER? 

- UTILIZE EXISTING DOE ROTORS TO EVALUATE CICLIC LIFETIMES 

. DATA HILL BE USEFUL FOR SPACE 
FLYWHEEL KSI6N 

- DEVELOP LIFE PREDICTION METHODOLOGY BY AMATJYZTIK MATERIALS 
AH) SPIN TEST DATA 


Figure 10 





- DEFINE DESIGN REQUIREMENTS (AC/ES, ES ONLY ) 

Vt 

. ES FUNCTION SHOULD DOMINATE? ^ 


- DEFINE CANDIDATE FLYWHEEL CONCEPTS 

. EMPHASIZE FAIL-SAFE DESIGN 
. ASSESS FEASIBILITY OF SCALE-UP 

- COMPOSITE ROTOR IS7ELOPMENT aiOOLD BE PARI OF AN 
OVERALL SYSTEie PROGRAM AND AN INDEPENDENT 
ACTIVITY 

- INITIATE 2-3 COMPETITIVE SYSTEMS PROGRAMS (PHASE I) 

- NO. OF PROTOTYPES IN PHASE I TO BE DETERMINED BY TEST 
PROraCAM/RESOURCES (PROOF-OF-CONCEPT, CYCLIC TESTS IN 
SIMULATED CCHIDITIONS,....) 







- IN PHASE n SELECT ONE OR TWO OF THE DESIGNS FOR THE 
OOHPLE3E PROTOTYPE SYSTEM WEICE COUID -BE FLICTI TESTED 



Figura 11 




ROTOR FABRICATION ISSUES 

- INVESTIGATE IMPROVEMENTS IN FHAMENT NDDND 
(SZNGLE/MDLTIPLE) RING FABRICATION 

- INVESTIGA3E CONCEPTS FOR ATTACHIMG M/G AND 

bearing components to FLTNHEEL 

Figure 12 


TEST AMD EVALUATION OF ROTORS 
KET ACnVXIIES 

- NONDESTRUCTIVE INSPECTION AND EVALUATION <NDI AND MDE) 

- SPIN TESTING 

Figure 13 
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NONDESTEDCTIVE INSPECTION im EPALDATICHf ISSUES 

- HANDFACIUBING OEPECTS, BANDLING DAMAGE, AND SEKPICE- 
INDDCED DAMAGE ACCDMDLAXION NEED TO BE DGTECIED 

- APPROPRIATE NDI TECHNIQUES MJST BE IDENTIFIED 

- ACCEPT/ REJECT CRITERIA SHOULD BE DEVELOPED 

. MBIBODOLOGT SHOULD BE DEVELWBD FOK PROOF 
TESTING OF PLZRBEELS 


FlEore 14 
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ROTOR ^ ROTOR SYSTEMS 1>Z11AMICS ISSUES 

- MAMT ROTOR FATLURES ARE PRECEDED BY SYSTEM DOUtMZC 
IKSTABILITIES DOE TO IMBALANCE 

- OOR DNDERSZANDIMS OF OOMPOSXIE ROTOR AND SYSTEMS 
DYNAMICS IS BIADEQOAIE 

- UNIQUE CHARACTERISTICS OP SUSPENSION SYSTEM SBOOLD 
BE CONSIDERED 

- ROTOR DYNAMICS STUDIES ID DAIS HASTE OOHPllED 

AN) PRESENTED IN A UNIFIED MANNER 


FlCoxc 15 








SPIN-TESTING ACTIVITT ISSUES 

UTILIZE EXISTING IX» FACILITIES (APL. T-12,...) AS FAR 
AS POSSIBLE 

DEFINE NEEDS FDR UPGRADINS THOSE FACILITIES (FOR HIGHER 
ENERGI CAPACm ROTORS AND PERnNBNT SUSPENSION SYSTEMS) 

THE FATUJRE MODE OF ROTORS MOST BE CORRECTLY OffiNTIFIED 

EF F E CT S OF DIFFERENT SUSPENSION SYSTEMS AND SHIFT IN 
BALANCE DURING TESTING NEED TO K INVESTIGATED 

DTNAMIC INSTABILITIES SHOULD BE DETECTED BEFORE THEY 
PRECIPITATE FAILURE 

SPIN TESTING SHOULD BE PERFORMED IN A SIMULATED REAL 
LIFE LOAD SPECnOM AH> ENVIRDNMENT DURING PHASE I 

. HBAT ARE THE FIXED OPERATING COSTS? 


Ficar« 16 



safet; issues 
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- DESIGN BOTOR FOR NOK-BURST MODE 

. INITIAL FAILURE SHOULD BE OF A BENIGN MATURE AND 
DETECTABLE 

- BW DO HE ADDRESS SAFETT HANAGEMENT IN SPACE APPLICATIONS? 


Figure 17 


OTHER ISSUES 

- LAUNCH LOADS (APPROZIMAIELT lOOg) 

- SPACE BN7XR(»D1ENT (AFPRfDCIlfAXELT 85<>C) 

. TOO SEVERE 

- USE METALLIC ROTORS IN THE INTERIM (PHASE I) 

- material GOST IS A NCW-ISSIIE 
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Figure 18 




